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ABSTRACT

This thesis conducted an investigation into how to select the promising spreading
sequences over a Multiple Input Multiple Output (MIMO) system. The Multiple
Access Interference (MAI) effects, associated with spreading sequences pairs over
Multiple Output Space-Time-Spreading (MIMO-STS) systems were analysed.

In order to evaluate the spreading sequences over the MIMO-STS system, a test bed
developed by Software Defined Radios (SDR) was needed. Towards this end, a SDR
test bed was developed to evaluate the selected spreading code, in an attempt to
mitigate against the MAI effects over 2×1 MIMO-STS systems.

Results are first provided for MIMO-STS system and SISO system in the presence of
MAI when using Gold codes, orthogonal Gold codes, original Walsh codes and
modified Walsh codes. The results of the SDR test bed inferred that the “pairs” of
spreading sequences are a crucial factor in order to select the most promising
spreading code for MIMO systems. Motivated by the differences between Single
Input Single Output (SISO) and MIMO systems, a new criterion for selecting
promising spreading sequences in particular for MIMO-STS systems was proposed.
In this study, more promising spreading sequences sets for MIMO systems were
located by employing the proposed selection criteria, by selecting sequences with
low cross-correlation in terms of pairs of sequences, rather than single sequences.
The thesis concluded that the choice of spreading sequences pairs in a MIMO-STS
system, in the presence of MAI sources, is an important factor to be considered.
i

From this point onwards, some of the recently proposed spreading families were
evaluated by the proposed criterion. The SDR test bed results revealed that, for some
of the latest proposed spreading families, with modified or novel construction of the
classic spreading codes, improved transmission properties for asynchronous
transmissions can be achieved, when using the spreading sequences pairs selection
criterion. This indicated that those viable constructions can be considered in any
further combinatorial designs of spreading codes for MIMO-STS systems, in order to
mitigate against MAI effects. The thesis finally provides some further considerations
for future related work.
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CHAPTER 1: Introduction
1.1 Introduction
Over the last few decades, wireless communication systems have been well
developed in both the channels coding area and the space diversity area. The idea of
space diversity using multiple transmission and receiving antennae has been widely
considered in many of the latest proposed wireless communication applications [1].

However, it has been shown that there is a significant degradation of the Bit Error
Rate (BER) performance in Space Time Spreading (STS) systems due to the multiple
access interference (MAI) effects [2]. Many studies [3-5] have been presented in the
last decade in an attempt to mitigate against the MAI effect on both conventional
Single Input Single Output (SISO) systems and Multiple Input Multiple Output
(MIMO) systems. These studies have argued that the overall MAI effects of Multiple
Input and Multiple Output Space-Time-Spreading (MIMO-STS) systems mainly
results from the cross-correlation properties of spreading sequences employed.
Generally, the asynchronous MAI usually refers to the delayed signals from other
users which can be evaluated by the sequences’ correlation properties.
1.2 Problem Statement and Motivation
This thesis investigates the effects of spreading sequences of MIMO-STS systems on
mitigating MAI effects and the locating of the most promising spreading sequences
pair selection for a MIMO-STS system.

1

Significant interference of the MIMO-STS systems can occur due to MAI effects.
Generally, MAI is caused by the asynchronous transmissions and happens quite often
in the uplink channels of wireless systems, from base station to mobile. As a
consequence, the asynchronous nature of the transmission leads to the spreading
sequences chips being delayed randomly, and this chip delay renders the spreading
sequences to be no longer orthogonal. Previously, many studies [5, 6] have been
presented discussing the relationship between the cross-correlation properties of the
spreading code and MAI effects. These studies have concluded that the crosscorrelation properties are an important factor in mitigating the MAI effect over Code
Division Multiple Access (CDMA) systems.

The study of spreading sequences is a traditional topic and many orthogonal code
families have already been proposed for CDMA systems. For example, the Walsh–
Hadamard code, and orthogonal Gold code reported in [6] (pp.252) are two typical
spreading codes. In [3] (pp.229) Chen et al. argue the major drawback of these
classic orthogonal codes is their lack of suitability for real application scenarios,
varying signs in the data stream, and multipath propagation. For example, making a
synchronous transmission by multiple users in an uplink scenario is difficult. Clearly,
the capacity of a traditional CDMA-SISO system is determined by MAI, which is in
turn caused by the different spreading sequences employed by different users and in
adjacent cells or nearby in a cellular system . The non-zero correlation of the
traditional orthogonal codes under an asynchronous uplink transmission create MAI.
The MAI effects limit the system capacity and lead to a degraded performance, since
the spreading sequences between different users are not orthogonal when suffering
from an asynchronous transmission. To mitigate the MAI effects over SISO-CDMA
2

systems, the cross-correlation properties are the primary selective criteria for the
code design and selection. In [5], Oppermann et al. proposed a measure for locating
the promising spreading sequences for CDMA systems. According to the paper, the
authors suggested that the BER of degradation of the y !" user in a CDMA-SISO
system, due to the interference from the other users, is determined by the squared
absolute value of the aperiodic cross-correlation of the y !" sequence with every other
sequence employed by other users. By defining C!,! to be the aperiodic correlation
function of the spreading sequences employed by each user , the average value of the
cross-correlation for each N length sequence in a set of S can be expressed as:
!

!

R !!! !(!!!) !!

!
!!!

!
!!!
!!!

!!!
!!!!!

C!,! (l)  

!

(1.2-1)

According to the authors [5], the R !! should be as small as possible to locate the
most promising sequences for a SISO-CDMA system.

Traditional wireless systems, (SISO) have been used in wireless communications for
decades [7-15]. However, due to rapidly growing demand for higher transmission
speeds and reliability, the SISO systems cannot meet the requirements of the next
generation of telecommunication systems in terms of 3rd Generation Partnership
Project (3GPP) and Long Term Evolution (LTE) [16-17]. Therefore, MIMO systems,
which provide improved properties in terms of link capacity and transmission speed,
have been adopted by the 3GPP and LTE frameworks [18]. In [1], motivated by the
limitations of the traditional SISO-CDMA systems, Bertrand et al. firstly proposed a
transmitter diversity scheme for wideband CDMA systems based on STS. They
argued the proposed scheme is a practical way to increase the bit rate and the quality
of a CDMA system due to the combination of MIMO system and spreading
3

techniques. It was reported in [1] that the proposed 2x1 MIMO-STS system was
accepted and included as an optional diversity mode in the IS-2000 wideband
CDMA standard.

1.3 Aims of the Thesis
This thesis attempts to determine if careful pairing of selected spreading sequences in
a 2x1 MIMO-STS system can lead to an improved BER performance compare to
random assignment.

In order to select more promising spreading sequences for MIMO-STS systems, first
it is necessary to investigate the MAI effects over MIMO-STS systems which
employ different spreading sequences with different cross-correlation properties.
To this end, a test bed developed using Software Defined Radios (SDR) was needed
in order to investigate the MAI effects on the realistic uplink wireless channels.
From the SDR test bed results, the pairs effects of spreading sequences over a MIMO
system was found. This indicated that a poor combination of pairs of the spreading
sequences used in a MIMO system will lead to a poor BER performance. On the
basis of these “pairs effects” a new criterion for selecting promising spreading
sequences was proposed, in particular for MIMO-STS systems.

By employing this selective criterion more promising spreading sequences within
existing spreading code families were located. In addition, this thesis used the
proposed spreading sequences pairs selecting criterion to select the most promising
spreading code family among various most recently proposed spreading sequences
4

families, which possess different attractive properties for mitigating MAI effects. By
employing these improved pairs of spreading sequences, the MIMO-STS systems are
expected to perform better at mitigating the MAI effect than the randomly selected
codes.

In this thesis a SDR test bed is developed to evaluate which of the selected spreading
codes was the most effective in mitigating the MAI effects over 2×1 MIMO-STS
systems. A number of the classic and the most recently proposed spreading codes
were tested over this test bed and results are presented within this thesis. Specifically,
four existing spreading sequences families were tested, including the WalshHadamard, modified Walsh-Hadamard [19], orthogonal Gold and Gold codes, which
are known to cause MAI when aligned. From the SDR test bed results, it can be
determined that the “pairs effect” of spreading sequences is a vital factor that needs
to be considered in order to locate the most promising spreading code for a MIMOSTS system. According to the proposed selective criteria, a Walsh set was found to
have the most promising pairs of spreading sequences for MIMO systems. After that
experiment, examination of several most recently proposed spreading code families:
the Z-Periodic Complementary Sequence Sets (ZPCS) [20]; a mutually orthogonal
design scheme based on Walsh codes[21]; Generalized complementary codes (GPC)
and Inter-Group Complementary Codes (IGC) [22-24]; N-shift code [25]; and the
Walsh-like orthogonal codes [26, 27] were preformed.

A theoretical analysis of the MIMO system was also conducted in this thesis. It is
verified that the validity of the theoretical analysis of a MIMO-STS system, which
suffered from MAI, and it is inferred that the effect of spreading sequences pairs is a
5

vital factor that needs to be considered to mitigate the MAI effects, in particular in a
2x1 MIMO-STS system.

1.4 Outline of the Chapters
The rest of this thesis is outlined as follows:

Chapter 2 provides a literature review of SISO and MIMO-STS systems, the
relationship between MAI and the spreading sequences, and the selective criteria of
spreading code used in SISO systems. In addition, it also reviews the spreading codes
tested in this thesis.

In chapter 3, it is first explained how different decoding schemes of SISO and MIMO
systems, and furthermore it is found that the pairs effects of spreading code over
MIMO systems will degrade BER performances in some cases. Based on these
findings, it is proposed that a selective criterion is used in order to locate the most
promising spreading code pairs for a MIMO system. By employing this criterion, the
most promising spreading sequences for a MIMO system were found to be within a
Walsh set. In addition, the SDR test bed is introduced in this chapter.

In chapter 4, a theoretical analysis of the MIMO-STS system is presented, and shows
an analysis of the pairs effects of spreading sequences. It is further explained on the
basis of the proposed selection criteria for spreading sequences pairs in this chapter,
and evaluates several of the most recently proposed codes for a MIMO system. The
analysis of the codes is presented based on their BER performance over the test bed.
6

In chapter 5, a summary of the research on spreading sequences pairs effect over
MIMO-STS system is presented together with a brief on areas of possible future
work.

7

Chapter 2:

Literature Review

2.1 Introduction
Many studies have been conducted in the last two decades on space-time coding and
spreading sequences and major efforts have been made in particular to investigate the
spreading sequences effects on mitigating MAI effects. This literature review
discusses many of those papers, analyzing their contributions to these fields and how
spreading sequences affect MIMO-STS systems. In particular, it examines a 2x1
MIMO (two transmitters and single receiver) system which is included as an optional
diversity scheme in the IS-2000 standard.

This literature review covers four main related areas: MIMO-STS systems and
traditional SISO systems; the numbers of classic and most recently spreading
sequences and their ability to mitigate the effects of MAI on a STS system; aperiodic
cross-correlation, and how to select the most promising spreading code for a
traditional SISO-CDMA system with this value; and how to develop a SDR test bed
for testing the effects of spreading sequences over a MIMO-STS system. The
literature concerning MIMO-STS systems is reviewed in section 2.2; the spreading
code and the cross-correlation functions are reviewed in section 2.3 and section 2.4
respectively; section 2.5 focuses on the SDR test bed and section 2.6 provides a
discussion and conclusion of the papers reviewed in this chapter.

8

2.2 SISO and MIMO-STS systems
Conventional wireless systems, SISO, have been used in wireless communications
for decades. According to [28], typically, a single antenna is employed as a
transmitter and a single antenna is employed by the receiver. However, due to rapidly
growing demand for higher transmission speeds and reliability, the SISO systems
cannot meet the requirements of the next generation telecommunication systems in
terms of 3GPP and LTE [29]. Therefore, MIMO systems, which provide improved
link capacity and transmission speed, have been adopted by the 3GPP and LTE
frameworks. Table 2.2-1 provides a comparison of 802.11 protocols. From the
MIMO streams, range and data rate information shown in the table, it can be seen
that the MIMO technique usually leads to a high data rate and larger range, which
means a better Quality of service (QoS).
Table 2.2-1: Comparison of the 802.11 protocols, referenced from [30-33].
802.11

Release

Data rate

MIMO

Indoor range

Outdoor range

protocol

Year

(Mbit/s)

streams

(m)

(m)

a

1999

Up to 54

1

35

120

b

1999

Up to 11

1

38

140

g

2003

Up to 54

1

38

140

n

2009

Up to 150

4

70

250

ac

2012

Up to 866.7

8

N/A

N/A

According to [28], in conventional SISO systems, there is a single antenna at the
transmitter and one antenna at the receiver. Thus, the transmitter can be described as:
T = b! c! + Db! c!

(2.2-1)

where T is the signal transmitted via the antenna of interest and D denotes the
parameter in order to simulate the Near-Far effects, b! is the interfering transmitter’s
9

data and c! is their corresponding spreading sequences. At the receiver, the channel
coefficient is H! found in:
d! = H! b!   +v’

(2.2-2)

In [1], motivated by the limitations of the traditional SISO-CDMA systems, Bertrand
firstly proposed a transmitter diversity scheme for wideband transmission. The
design of CDMA systems based on Space–Time-Spreading was motivated by the
limitations of the traditional SISO-CDMA systems. The proposed solution is a
practical way to increase the bit rate and the quality of a CDMA system, and the 2x1
MIMO system was accepted and included as an optional diversity mode in the IS2000 wideband CDMA standard. The newly developed scheme can be very simply
described as follows: the open-loop system requires one spreading sequence per user
and it uses the same total transmit power that a single transmitter antenna uses.
Here is a brief description, based on the available literature, of the afore-mentioned
2x1 system, assuming the data is modulated by BPSK. Consider an STS system,
which constitutes two transmit antennas and a single receiver. In [1] the STS
algorithm firstly separates the data stream into the odd and even symbols, denoted as
b! and b! . Then the odd and even data streams are encoded according to the
following method:
T! = (b! c! + b! c! ) + D(b! c! + b! c! )          
    T! = (b! c! − b! c! ) + D(b! c! − b! c! )              

(2.2-3)

where T! denotes the signal of antenna 1 and T! is the signal transmitted via antenna
2, c! and c! denote the corresponding spreading sequences. D denotes the parameter
for simulating the Near-Far effects of the systems,b!   and  b! are the interfering
transmitter’s data and c! ,   c! are their corresponding spreading sequences. The
received data d is presented as:
10

d= Hb+v’

(2.2-4)

where the channel coefficients are:
H=

h!
−h!

h!
h!

(2.2-5)

and
b ! ]!
c!n
v ! = !!
c! n

b =    [b!

(2.2-6)

where v is the combined noise and interference term comprising channel noise
sources.
The received signal at the receiver antenna 1 can be described as:
R! = (b! c! + b! c! h! + (b! c! − b! c! )h! + N]

(2.2-7)

This is decoded in the following manner:
D! = (b! c! + b! c! h! + (b! c! − b! c! )h! + N]×(c! + c! )

(2.2-8)

where N is channel noise.
Therefore d= Hb+v
Where d is the received data.
Specifically:
d! = (𝑏! ℎ! + 𝑏! ℎ! )      
d! = (𝑏! ℎ! − 𝑏! ℎ! )      

(2.2-9)

Then b can be described as:
b!! =
b!! =

(!! !! !!! !! )

      

!" ! ! !" !
(!! !! !!! !! )

      
!" ! ! !" !

                

(2.2-10)

Thus b!! and b!! are then found by applying the Maximum Likelihood Decision Rule:
(ℛ{b′})≥ 0 then choose ‘1’ else choose ‘0’.
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Besides the above, the authors also discussed the theoretical performance of this 2x1
MIMO-STS system shown as follows:

Based on the above analysis, the received data can be expressed as:
Re{[

h! d! − h! d!
]} =Re {
h! d! + h! d!

!!
!

Gb + ℌ }

(2.2-11)

where G denotes a 2x2 matrix :
G=

(h! c! − h! c! )′
∗    [(h! c! − h! c! )(h! c! + h! c! )]
(h! c! + h! c! )′

(2.2-12)

The authors only discussed the best scenario, in which it was assumed that the signal
transmitted without any chips delay. This optimistic case would bring about the
conditional BER probability results as:
P=Q

h! R!! h! + h! R !! h!

(2.2-13)

Their theoretical results show an improvement in the bit rate. The limitation of this
analysis is the lack of consideration about the MAI effects, which will be further
discussed in chapter 4.

2.3 The relationship between MAI and the spreading sequences
In [34] Peter et al. indicated that, similar to a SISO-CDMA system, the MIMOCDMA system suffered MAI due to the fact that the cross correlations spreading
sequences are not perfect and, consequently, suffer from frequency-selective fading.
2.3.1 Asynchronous Transmissions
In [3] (pp.159-160), Chen indicated asynchronous transmissions are present in uplink
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channels of almost all wireless systems. Asynchronous transmissions are present due
to the fact that mobile transmitters cannot synchronously transmit. As a consequence,
a chips delay, or offset between the different users, is present in the system.
The chips delay issue rendered the orthogonal spreading sequences not orthogonal.
Specifically, Jennifer et al. in [35] indicated that a significant rising of crosscorrelation between two Walsh-Hadamard sequences is present in the systems, due to
the non-zero chips delay between the different users’ spreading sequences. In real
applications, the scrambling code is adapted in order to improve synchronization
properties. Apart from this, the authors further argues that, by improving the crosscorrelation properties of the spreading code, the same results can be achieved as if a
scrambling code were utilised, but in a more simplified process.
2.3.2 Near-Far Effect
The Near-Far effect was also named as a source of adjacent sector interference. In [3]
(pp.157-158) the authors claimed that this effect is present when one or more
interfering transmitters are closer to the receiver or the base station than the intended
transmitter. When this effect is combined with an unsynchronised transmission, MAI
can be expected to affect the receiver. In [3] (pp. 157-159) Chen explained this issue:
both the interfering transmitter and the intended transmitter transmit simultaneously
and at equal powers, due to the inverse square law. As a result, the receiver will get
more power from the interfering transmitter rather than the intended transmitter. It is
well known that several forms of complex power control technology are required to
reduce the Near-Far effect.
2.3.3 Spreading sequences
Many researchers [2, 6] argued that the overall MAI effects of STS systems are
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determined by the employed spreading codes. In [6] (pp. 249-250) Du indicated that
the differences between the properties of cross-correlation of orthogonal and quasiorthogonal sequences will significantly affect the performances of a system. In [1],
the authors indicated that the aperiodic cross-correlation functions of spreading
sequences are important factors in selecting promising spreading sequences. In [3]
(pp.230) Chen further argued that the MAI effect can be solved if all crosscorrelation functions are zero in any possible chip delay. In the following sections, a
number of proposed spreading codes and their properties are reviewed.
Walsh code
According to [36] (pp.296), the Walsh code was firstly proposed by Joseph L. Walsh
in 1923. It is a specific square matrix with dimensions of a power of 2, and with
elements of the matrix being +1 or -1. The most attractive property of the Walsh
code is that any two sequences within the same set are orthogonal to each other.
According to [6] (pp.253), the Walsh codes can be generated recursively by:

𝐻(2! ) =

𝐻(2!!! )
𝐻(2!!! )

𝐻(2!!! )
−𝐻(2!!! )

(2.3-1)

The recursion may start with H (0) = +1 or -1. The matrix becomes a spreading
sequences set and each row can be adopted as a spreading sequence after the
recursion process. The length of each spreading sequence equals: 2! , and the number
of sequences also equals to 2! . The cross-correlation between any two different
sequences is zero if there is no chips delay, whereas the auto-correlation of any code
is one under the same condition. The Walsh codes are usually generated by a WalshHadamard sequence generator according to [6] (pp.253).
Many studies [19, 36] have confirmed that Walsh codes possess the perfect
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orthogonality if the chips delays between any sequences are zero. However, the
orthogonality of Walsh codes will be lost if the chips delays are non-zero.
Unfortunately, quite often multipath environment transmissions occur. As a
consequence, once the multipath systems employ Walsh codes, there will be
significant interference between different users in the system due to the loss of
orthogonality of the spreading code.
It is reported in [19], that another drawback of the Walsh code is its poor autocorrelation properties. This is one of the important reasons why, in the real
application, Walsh codes always collaborate with scrambling codes, as the
acceptable auto-correlation properties can be achieved and orthogonal properties can
be maintained.
Mutual orthogonal Walsh-Hadamard code
In [21] the author proposed a mutually orthogonal design on the basis of WalshHadamard code. Huang argued that the new code possesses improved crosscorrelation properties compared to the original Walsh code, and the advanced
properties of the proposed code are caused by the mutually orthogonal sequences
design. This means any two sequences in a set of complementary sequences have
good cross-correlation properties when offset by another pair of sequences. It is also
reported in [21], that this proposed scheme provides an effective way to expand the
size of the sequences due to the mutual orthogonal matrices construction design,
which means sequences from any mutually orthogonal matrices can bring more
improved cross-correlation properties than the original Walsh or Golay-Hadamard
codes.
The proposed scheme is described as follows [21]:
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Firstly, the definition of the commuted version of the Walsh code is given. By
substituting all the rows from the original Walsh matrix from the lower part to the
upper part, a commuted version of the Walsh code can be defined as:

𝑊′(2! ) =

𝑊(2!!! )
𝑊(2!!! )

−𝑊(2!!! )
𝑊(2!!! )

(2.3-2)

Second, the construction of the new code is based on an original Walsh code W, and
a commuted Walsh code W’. Next, generate a mutually orthogonal set 𝑊!! on the
basis of a k-th Walsh code and set of order N=2! and its commuted version.
Step 1 builds 𝑊!! and 𝑊′!! starting with the initial matrices 𝑊!! =𝑊′!! = [+1], then
denoting 𝑊′!! as 𝑊!! to generate an order of 2 mutually orthogonal Walsh set. Step 2
generates 𝑊!! and 𝑊!! from 𝑊!! and 𝑊!! by using Equation 2.3-1. The commuted
versions 𝑊′!! and 𝑊′!! are generated using Equation 2.3-2 and the two commuted
matrices are denoted as 𝑊!! and 𝑊!! to increase the number of matrices to four. The
two steps are simply repeated to construct a desired order’s matrix. For example,
after n steps, a set of N mutually orthogonal Walsh matrices of order N are obtained.
As this process is very similar to a pyramid, it is illustrated in Figure 2.3-1[21].
To construct a mutually orthogonal Golay code, similar to the mutually orthogonal
Walsh code, the Golay matrix is defined as:

𝐺(2! ) =

𝐺(2!!! )
𝐺(2!!! )

𝐺′(2!!! )
−𝐺′(2!!! )

(2.3-3)

Where the initial matrix is G (1)=G’(1)=[+1] , and the commuted matrix is defined
as:
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𝐺′(2! ) =

𝐺(2!!! )
𝐺(2!!! )

−𝐺′(2!!! )
𝐺′(2!!! )

(2.3-4)

By taking the same steps as a mutually orthogonal Walsh code, the mutually
orthogonal Golay matrices are generated.

Figure 2.3-1: “The pyramid construction of the mutual orthogonal Walsh-Hadamard
matrices” from [21] (pp.590, Fig.1).

Modified Walsh-Hadamard Codes
In [19] Ted et.al. proposed a simple and effective scheme to mitigate the MAI effects
by modifying the original code’s correlation characteristics. The modification is
achieved by taking another orthogonal matrix D! , which has the same size as the
original Walsh code H. The novel code is given by:
w! =HD!

(2.3-5)

Where H denotes an original N* N Walsh-Hadamard matrix and D! denotes a
diagonal matrix with their elements d (i,j) fulfilling the condition:
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d!,! =

0    for  m ≠ n
    m,n =1⋯N
1    for  m = n

(2.3-6)

The authors also introduce the quantitative measure for the sequences, which are
provided by Opperman and Vucetic [5]:
!

R !! = !(!!!)

!
!!!

!
!!!
!!!

!!!
τ!!!!

C!" (τ)

!

(2.3-7)

This equation will be further introduced and discussed in section 2.4.
This research delivers a clear concept of how to modify the correlation properties of
the Walsh code. Figure 2.3-2 [19] shows the improved properties of the modified
code by comparison with the original Walsh code.

Figure 2.3-2: “Maximum magnitudes of peaks in the cross-correlation functions for
the whole sets of spreading sequences of length 32; Walsh–Hadamard sequences
dotted line, modified bipolar sequences solid line” from [19] (pp.596, Fig1).
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Gold code
According to [6] (pp.252), the Gold code was first proposed by Robert Gold. It was
adopted by a number of spread-spectrum communication systems, such as in IS-95,
Wideband Code Division Multiple Access (WCDMA), and Universal Mobile
Telecommunications System (UMTS) Terrestrial Radio Access(UTRA)-Time
Division Duplex (UTRA-TDD) standards as the scrambling code. In addition, it was
employed in satellite navigation systems such as the Global Positioning System
(GPS) and National Aeronautics & Space Administration (NASA)’s Tracking and
Data Relay Satellite System (TDRSS).
The Gold code is generated by adopting the preferred pairs of m-sequences by a
process of all possible cyclically shifted modulo-2 additions of the preferred pair.
During the process, each length of the m-sequences can provide one pair, which has
a good cross-correlation property. By this process, the generated Gold codes possess
improved cross-correlations, compared to the m-sequences set. However, in [6] (pp.
252) it was reported that this improved property is accomplished with a worse
autocorrelation property than the m-sequences. Normally, the Gold code set consists
of 2n +1 sequences, each one with a length of 2n – 1.
Orthogonal Gold code
Gold code possesses good cross-correlation properties, however, it is not an
orthogonal code set. As mentioned in [6] (pp. 252), by adding an additional 1 to the
original Gold codes, the cross-correlation turns to 0 if there is no chips delay.
According to [6] (pp. 252), orthogonal Gold code sets possess the same crosscorrelation property as Walsh-Hadamard sets, but have improved autocorrelation
properties. Orthogonal Gold code is required when a low auto-correlation property is
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needed. For example, it is reported in [6] (pp. 252) that the 256 bits orthogonal Gold
codes have been adapted by WCDMA systems for fast cell search.
N-shift
In [25] Suehiro et al. proposed the N-shift cross-orthogonal sequences and claimed
that the proposed codes are composed of N N-shift auto-orthogonal sequences. In
this paper, the authors claimed that the autocorrelation function for any N-shift autoorthogonal sequence is 0 for all N-multiple shifts, except the zero shifts. The crosscorrelation function for each pair in these N-shift cross-orthogonal sequences is 0 for
all N-multiple shifts.
In [3] (pp. 236-238), Chen indicated that the value of N of an N-shift code usually
refers to an even number, as an odd value of N will lead to the extreme problem of
resisting all non-zero cross-correlation levels between any two sequences. Thus, the
more practical type of N-shift code is the even N-shift code, which can promise a
zero cross-correlation between any of two codes (in cases where the chips delay
between them is even). In addition, Chen indicated that the N-shift orthogonal code
family should not be taken as an ideal solution for mitigating MAI effects over
CDMA systems, as the chips delay may not be equal to N chips in the real
transmissions.
Generalized Pairwise Complementary Code
Generalized Pairwise Complementary (GPC) code was originally devised to
overcome the limitations of N-shift orthogonal sequences, as mentioned in the
previous section. It was developed by Chen et al. In [23] Chen argued that an original
GPC code set consists of two code groups, where any two codes from different
groups would lead to an ideal cross-correlation property, which is zero. The
20

sequences chosen from the same group have an interference-free-window (IFW).
According to Chen in [23], the IFW can promise a zero cross-correlation value when
the offset of the sequences within this window.
In [24], Jing et al. developed ‘Inter-Group-complementary’ (IGC) code from GPC
code. The IGC code can bring an improved cross-correlation property between any
of two sequences from the same group, as the modification scheme leads to a longer
IFW than the original GPC code. This advantage can provide a robust interference
resisting capability. However, it was also reported by the authors, that the larger IFW
usually results in a shorter length of the code. In other words, the more available the
numbers of sequences, and the longer the sequences, the poorer is the interference
mitigating capacity.
Zero-Correlation-Zone code
Zero-Correlation-Zone (ZCZ) codes can provide a zone where the cross-correlation
values are zero and in these zones, the spreading sequences are taken as ideal.
However, the ZCZ sequences set construction is limited by the correlation property
and theoretical boundaries [37-42]. Generally, the sets of ZCZ sequences are
characterized by the period of sequences L, the family size, namely the number of
sequences M, and the length of the zero-correlation zones Z!" .
A ZCZ (L, M, Z!" ) sequence set that achieves the theoretical bound is defined by:
M( Z!" + 1 /L) = 1

(2.3-8)

Equation 2.3-8 is called an optimal zero-correlation zone sequence set according to
[38]. In [20] the authors mentioned that the proposed Z-Periodic Complementary
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Sequence Sets (ZPCS) are not only ideal within the ZCZ, but also lead to an
improved correlation property outside the ZCZ than is provided by the original ZCZ
code. According to the authors in [18], this improved property is only achieved by a
corresponding decreasing of the size and the sequence length, which were introduced
in Equation 2.3-8.
Other orthogonal spreading codes
a) Binary user codes
In [26] the authors proposed several novel codes and reported that these codes can
provide a performance similar to that of Gold codes, over asynchronous multiuser
communications under Additive white Gaussian noise (AWGN). The author argued
that these new codes are suitable for asynchronous and synchronous direct sequence
spread spectrum CDMA communications in terms of mitigating MAI effects.

b) Walsh-like code
In [27], the authors proposed a scheme to generate new orthogonal codes, with better
cross-correlation property, based on the Walsh code. To generate a 32 bit set, the
generation process is shown as follows [27]:
For a 32-length orthogonal binary code search, the sample space consists of 2!" − 1
points. The new orthogonal codes are iteratively searched in the sample space. The
procedure for obtaining a new set is shown as follows:
Step 1: the binary sample pool equals 2!"
Similarly to the Gold codes generation, the process starts with selecting the first basis
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function of the orthogonal set from the corresponding integer sample pool. As
mentioned by the author, for a 32 length code there are 38000 potential codes. The
integer number is then transformed into binary in the following manner: map all 0
into -1 and keep all 1 the same.
Step 2: After finishing the first step, now select the next basis function from the
sample pool and check the cross-correlation with the first basis function.
Step 3: Repeat the former two steps n-1 times to get n orthogonal sequences, then
add the first chosen sequence.
Based on this procedure, it is possible to obtain numbers of orthogonal spreading
sequence sets. This proposed code generating scheme normally requires a “brute
force” search method.
2.4 The Cross-Correlation Function
The significant limitation of traditional CDMA systems over a finite bandwidth
channel, is the interference introduced by other users. The MAI effects limit the
system’s capacity and bring about a degraded performance, since the spreading
sequences between different users are not orthogonal due to the chips delay. To
mitigate the MAI effects over SISO-CDMA systems, the cross-correlation properties
are the primary selective criteria for the code design and selection. In this section, the
differences between the periodic cross-crrelation function and the aperiodic function
are reviewed. There follows a review of the sequences set selective criteria designed
for CDMA systems, known as the mean-square correlation measure, as firstly
proposed by Oppermann et al. in [5].
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2.4.1 Aperiodic Correlation and Periodic Correlation Functions
In a study by [43], it was assumed that there are two N length orthogonal spreading
sequences, X and Y, and a chip delay, or shift ‘i’ between them. Based on the theory
proposed in [5], the aperiodic correlation function can be obtained. The shifting or
delay process is shown in Figure 2.4-1 [3] and Figure 2.4-2 [3].

Figure 2.4-1: “The aperiodic cross-correlation function or partial cross-correlation
function between codes X and Y, in which code X is shifted i chips to the right side
of code Y” from [3] (pp.402, FigA1).

Figure 2.4-2: “The aperiodic cross-correlation function or partial cross-correlation
function between codes X and Y, in which code X is shifted i chips to the left side of
code Y” from [3] (pp.403, Fig A2).
As mentioned by the authors in [43], the differences between periodic crosscorrelation and aperiodic cross-correlation can be simply explained by the code
length. The aperiodic correlation functions cover only one sequence’s length,
whereas the periodic correlation concerns the real data stream.
In [3] (pp.401-409), Huang conducted a study on the differences between those two
functions. Huang found that, for a CDMA system, it is reasonable to only take the
aperiodic cross-correlation function into account. Thus, for the research presented in
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this thesis the periodic cross-correlation function is not considered. In his analysis,
Huang firstly took at least two neighbouring bits into account when calculating the
periodic correlation function. If the two bits carry the same sign, it brings even
periodic correlation functions; otherwise, odd periodic correlation functions are
obtained. Huang then claimed that if a code set has perfect periodic cross-correlation
functions, its even and odd aperiodic cross-correlation functions should also be
perfect, where the even and odd periodic cross-correlation functions are equal to 0.
2.4.2 The Mean-square correlation measure
It is noticeable that the capacity of a traditional CDMA-SISO system is determined
by the MAI, which is caused by the different spreading sequences employed by
different users. The drawback of the traditional orthogonal code mentioned above,
which leads to the MAI, is due to their non-zero cross-correlation under an
asynchronous uplink transmission. The MAI effects limit the system capacity and
lead to a degraded performance, since the spreading sequences between different
users are not orthogonal, due to the chips delay. To mitigate the MAI effects on
SISO-CDMA systems, the cross-correlation properties are the primary selective
criteria for the code design and selection.

In a study in [5], the authors proposed a measure for locating the most promising
spreading sequences for CDMA systems. The authors only considered the aperiodic
correlation function of two sequences in the same spreading sequences set. As
proved above, this is reasonable and acceptable.
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Oppermann et al. argued that the BER in a multiple access environment depends on
the modulation technique used, but invariably it is closely related to the Signal-toNoise power Ratio (SNR) available at the receiver. In their analysis, they first
considered a Direct-Sequence-CDMA (DS-CDMA) system using a correlator
receiver for the 𝑦 !! user and a function of the Average Interference Parameter (AIP)
for the other users. There is white Gaussian noise present in the channel. As in that
paper, the authors considered two orthogonal sequences named X and Y length N,
with their aperiodic correlation C!,! l was defined as:

!!!!!
𝑋
!!!
!!!!!
𝑋
!!!

𝑘 𝑌 𝑘 + 𝑙       0 ≤ 𝑙 ≤ 𝑁 − 1
𝑘 − 𝑙 𝑌 𝑘                     1 − 𝑁 < 0
0                                                                                              𝑒𝑙𝑠𝑒

C!,! l =

(2.4-1)

where “ l ” denotes the chips delay or shift.
The authors suggested that the SNR degradation of the 𝑦 !! user, due to the
interference from the other users, is determined by the squared absolute value of the
aperiodic cross-correlation of the 𝑦 !! sequence with every other sequence in the set.
In order to evaluate the cross-correlation performance of a whole set of (S)
sequences, the authors then proposed a measure based on the aperiodic correlation.
By defining C!,! to be the aperiodic correlation function of the spreading sequences
employed by each user the average value of the cross-correlation for every sequence
in the set,  𝑅!! , was denoted by:
!

!

𝑅!!! !(!!!) !!

!
!!!

!
!!!
!!!
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!!!
!!!!!

C!,! (l)  

!

(2.4-2)

According to the authors, to select the promising sequences, the 𝑅!! is required to be
as small as possible.
2.5 The SDR Test Bed
The concept of Software Defined Radio has attracted considerable attention in the
last two decades. In 1991 Joseph Mitola [44] first proposed a radio for which the
modulation waveforms were defined by software. With this advantage, researchers
could operate the radio with much more flexibility, as the numbers of parameters
could be defined and adjusted by the software. This advantage makes the experiment
on radios easier to conduct than ever before.

GNU Radio is free, and open-source software is used to develop SDR. It runs on a
Linux computer operating system and involves two programming languages, which
are Python and C++. Two layers are defined in GNU radio: flow graph, and signal
processing blocks [45]. Specifically, within a GNU radio application, all the signal
processing is done through a flow graph which consists of various signal processing
blocks. The blocks are designed for particular signal processing operations, such as
modulation, demodulation, filtering and decoding. Apart from these, an extension of
GNU Radio called “m-blocks” [46] provided a new implementation of GNU Radio
by using message-blocks, allowing for easy processing of packet-oriented data.

In [47, 48], Shinhan developed a test bed based on SDR to investigate the differences
between MIMO-STS systems and Alamouti systems. The SDR test bed was
developed by the Universal Software Radio Peripheral (USRP) hardware component
offered by Ettus Designs [47]. The USRP is a Field-Programmable Gate Array
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(FPGA) based device, which brings the possibility of developing the SDR by acting
as an RF frontend for a computer running GNU Radio.

In Shinhan’s study [47], a USRP system consisted of a motherboard and two
daughter boards at the transmitter, with one daughter board at the receiver.
Specifically, the motherboard involved a million gate Altera Cylone FPGA that
processed the intensive data. Moreover, as the USRP is connected to a host PC using
a USB2 interface, the FPGA is responsible for reducing the data rate to a suitable
level for the USB connection. According to [47], in the MIMO-STS system, the SDR
test bed firstly spreads the user’s data into two streams in terms of the odd and the
even bits, denoted as b! and b! . Then two sets of zeros which have the same length
of the spreading code are transmitted. After this, the users’ data are encoded as per
Equation 2.5-1:
T = (b! c! + b! c! )
                                                                                         !
T! = (b! c! − b! c! )
                                                          

(2.5-1)

where T! denotes the signal of antenna 1 and T! is the signal transmitted via antenna
2, c! and c! denote the corresponding spreading sequences. d denotes the parameter
for simulating the Near-Far effects of the systems,b!   and  b! are the interfering
transmitter’s data andc! ,  c! are their corresponding spreading sequences.
Meanwhile, at the receiver, the first set of signals is received as the pilot signal and
used to estimate the channel coefficients. After the two channels’ coefficients have
been well estimated, denoted as h!   and    h! , the following data received from both
transmitter antennae 1 and 2 are decoded, denoted as d!   and  d! . Then, reconstructing
the next packet received is the actual data payload, and the STS algorithm will start
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reconstructing the original data at every symbol period. The reconstruction and
decoding processes are guided by the equations:
d
d= [ ! ] =  [d!
d!

d! ]!

(2.5-2)

and :
h! h!
−h! h!
b =    [b! b! ]!
c!n
v = !!
c! n

H=

(2.5-3)

where n denoted the noise and H is the Conjugate transpose.
Therefore d= Hb+v Where d is the received data.
Specifically,

  

d! = (𝑏! ℎ! + 𝑏! ℎ! )      
d! = (𝑏! ℎ! − 𝑏! ℎ! )      

(2.5-4)

then:
b!! =
b!! =

(!! !! !!! !! )

      

!" ! ! !" !
(!! !! !!! !! )
!"

!!

!"

!

      

  

(2.5-5)

Thus b!! and b!! are then found by applying the Maximum Likelihood Decision Rule:
(ℛ{b′})≥ 0 then choose ‘1’ else choose ‘0’.
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2.6 Discussion and Conclusion
2.6.1 The SDR test bed
One of the significant limitations of the previously proposed SDR test beds is the
lack of consideration of the SNR. SNR is an important factor in the evaluation of a
transmission system. Generally, the SNR, the bandwidth and the channel capacity of
a system are determined and connected by the Shannon theorem. Specifically, SNR
is a measure used to compare the signal to the background noise.
Whereas the receiver SNR combined the effects of the channel attenuation and all
kinds of noise of the transmission environment, in [47, 48], the test bed can only
evaluate the power level at the transmitters, which means that the transmitted power
level was set without consideration of the thermal noise power in the transmitter
electronic circuit and the noise of the channel. In order to make the SDR results more
accurate, the SNR and BER comparison needs to be taken into account. SNR and
BER comparison of MIMO systems is provided in Chapter 4 of this thesis.
The other drawback of the proposed SDR test bed refers to the spreading code. In
[47], the authors only considered the whole set of the spreading sequence. In order to
investigate the spreading sequences within one set, it need to evaluate the
performances of each spreading sequence, rather than the average performances of
the whole set. In addition, the former SDR test bed was designed for orthogonal STS
schemes and Alamouti systems. In our study, the Gold code, which is not an
orthogonal code but possesses good cross-correlation properties, is required to be
tested for comparison. Thus, the quasi-orthogonal STS transmission scenario need to
be considered in this thesis. M-block is not considered in this thesis as there is no
easy and clear way to connect the flow- graphs and the other blocks.
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2.6.2 Comparison of the spreading sequences families
According to section 2.3, better correlation properties occur for the modified WalshHadamard codes over SISO-CDMA systems, compared with the original WalshHadamard codes. The reasons for these improved properties are due to the modified
scheme and the selective criteria. However, due to the differences between SISO and
MIMO systems, it is not clear whether this modified code will lead to a better
performance over MIMO-STS systems. Further experiments need to be conducted in
order to address this question.
Table 2.6-1 provides a list of the comparison among the other latest proposed
spreading sequences codes. From the Table 2.6-1, it is noticeable that the ZCZ and
GPC codes have drawbacks in terms of the numbers of sequences. This disadvantage
will lead to insufficient numbers of spreading codes to support enough users or
carriers in a real system. However, the GPC code is the only code which can bring an
ideal cross-correlation property of asynchronized uplink transmission. For the
mutual-orthogonal Walsh code, the significant improvements are: a) the
reconstruction code can bring an improved cross-correlation, and b) the mutual
orthogonal matrices design. Specifically, the second property will lead to a large
number of spreading sequences for utilization in a system. In this study, the Walsh
code is considered to be a benchmark.
2.6.3 Conclusion
The literature reviews of SISO and MIMO systems suggest that their decoding
schemes are different from each other. Further explanation will provide in the
chapter 3. The numbers of spreading sequences families were reviewed in this
chapter, which will be evaluated in chapter 3 and chapter 4. The concept of aperiodic
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cross-correlation is also been reviewed in this chapter. In addition, one of the
measures for selecting the spreading code for a SISO-CDMA system, Mean-square
correlation measure, is reviewed in this chapter. At last this literature review also
looked at the SDR test bed.
The following chapter will provide a new selective criterion, in particular for
selecting spreading sequences of MIMO systems. Then, a SDR test bed for
evaluating the spreading code will be introduced. The SDR test results will also be
presented.
Table 2.6-1: Comparison of the latest proposed spreading codes.
Gold

Walsh-

GPC

like

Mutual-

ZCZ

Orthogonal
Walsh

Orthogonal
Mutual

*

*

orthogonal

*
*

Matrix
Complementary

*

*

Code
Complementary

*

Group
Sufficient

numbers

*

*

*

of sequences
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*

Chapter 3: Using Pairs of Spreading Sequences
Over MIMO-STS systems

3.1 Introduction

Significant interference of the MIMO-STS systems can occur due to the MAI effects.
The chapter 2 shows that many studies have been presented in the last decade on
mitigating the MAI effect on STS systems, and have discussed how spreading
sequences affect STS systems. The asynchronous MAI usually refers to the delayed
signals from other users which can be evaluated by the sequences’ correlation
properties.

The research on spreading sequences is a traditional topic. Many orthogonal codes
have been proposed for CDMA applications in the development of wireless
communication systems. The most popular family of such spreading sequences is the
set of Walsh- Hadamard sequences, which are used in IS-95 to encode the signal to
separate different users [3] (pp. 136). However, when uplinks cannot be precisely
coordinated, particularly due to the mobility of the end users, the Gold code, which
uses quasi-orthogonal sequences, may lead to a better performance on MAI, due to
the fact that Gold codes possess better cross-correlation properties [3] (pp. 144). In
[3] (pp. 229) Chen argues that the major drawback of these orthogonal codes is the
lack of consideration of real application scenarios, varying signs in the data stream,
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and multipath propagation. This can be illustrated with the example that making a
synchronous transmission by multiple users in an uplink scenario is difficult.

In this chapter, the thesis investigates the MAI effects on both SISO and MIMO-STS
systems employing families of spreading codes, which possess different crosscorrelation properties and select the most promising sequence pair combination for
use in the MIMO-STS systems.

The rest of this chapter is outlined as follows. Section 3.2 will compare the MIMOSTS systems and SISO systems and propose a selective criterion, in particular for
selecting spreading sequences of MIMO systems. Section 3.3 presents a SDR-based
test bed for evaluating the spreading code over both MIMO and SISO systems.
Section 3.4 presents the measurement results. Section 3.5 provides the conclusion of
this chapter.
3.2 Comparison of SISO and MIMO-STS systems

Conventional wireless systems, SISO, have been used in wireless communications
for decades. Typically, the single antenna is employed as a transmitter and the single
antenna is employed by the receiver [49] (pp.39-42). However due to rapidly
growing demand for higher transmission speeds and reliability, the SISO systems
cannot meet the requirements of the next generation telecommunication systems in
terms of 3GPP and LTE [6] (pp. 18). Therefore, MIMO systems, which provide
improved properties of link capacity and transmission speed, have been adopted by
the 3GPP and LTE specifications.
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3.2.1 MIMO-STS systems
Consider a STS system, which constitutes two transmit antennas and a single
receiver. In [1] the STS algorithm firstly separates the data stream into the odd and
even symbols, denoted as b! and b! . Then the odd and even data streams are
encoded according to the following method:
T! = (b! c! + b! c! ) + D(b! c! + b! c! )          
    T! = (b! c! − b! c! ) + D(b! c! − b! c! )              

(3.2-1)

where T! denotes the signal of antenna 1 and T! is the signal transmitted via antenna
2, and c! and c! denote the corresponding spreading sequences. D denotes the
parameter for simulating the Near-Far effects of the systems, b! , b! are the
interfering transmitter’s data and c! and c! are their corresponding spreading
sequences. The received data d is presented as:
d = Hb+v’

(3.2-2)

where the channel coefficients are:
H=

h!
−h!

h!
h!

(3.2-3)

and
b ! ]!
c!n
v ! = !!
c! n

b =    [b!

(3.2-4)

where v’ is the combined noise and interference term comprising channel noise and
MAI sources.
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3.2.2 SISO systems
In conventional SISO systems, there is a single antenna at the transmitter and one
antenna at the receiver. Define “b” as the transmitting data and “c” as the spreading
sequences. Thus, the transmitter can be described as:
T = b! c! + Db! c!

(3.2-5)

where T is the signal transmitted via the antenna of interest and D denotes the
parameter in order to simulate the Near-Far effects, b! is the user’s data and c! is its
corresponding spreading sequences. Also let b! be the interfering transmitter’s data
and c! is its corresponding spreading sequence. At the receiver, the complex channel
coefficient matrix is H! as in:
d! = H! b!   +v’

(3.2-6)

3.2.3 Selective Criteria of Spreading Sequences Pairs
In this section a selective criterion of spreading sequences pairs is introduced. The
proposed criteria selects sequences with low cross-correlation in terms of pairs of
sequences, rather than single sequences within the same spreading sequence family.
The reason for proposing this criteria can be simply explained by the differences
between SISO and MIMO systems. As discussed in the literature review chapter,
MIMO-STS systems utilise more than one spreading sequence per user within one
transmission, whereas the conventional SISO employs one spreading sequence per
user during transmission. This can be further explained by their decoding process.

Assuming there are two transmission antennae and only one receiver antenna in
MIMO-STS. According to the definition in section 2.6, the received signal,  R! , at the
receiver antenna 1 can be described as:
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R! = (b! c! + b! c! h! + (b! c! − b! c! )h! + M! + N]

(3.2-7)

This is decoded in the following manner:
D! = (b! c! + b! c! h! + (b! c! − b! c! )h! + M! + N]×(c! + c! )

(3.2-8)  

            
where M! is the other users’ signal, as MAI , and N is channel noise.
M! can then be specifically expressed as :
M! =

!
!!![(b!! c!!

+ b!! c!! )h! + (b!! c!! − b!! c!! )h! ]

(3.2-9)

where ‘i’ denotes the number of users and ‘I’ denotes the total users in the system.

Specifically in Equation 3.2-9, 2< 𝑖 ≤ 𝐼, as the first one is the targeted user.

Substituting (3.2-9) in (3.2-8) results in:
D! =

!
!!![(b!! c!!

+ b!! c!! )h! + (b!! c!! − b!! c!! )h! + N] ×(c! + c! )

(3.2-10)

The difference between the two systems can be clearly explained by examining
Equation 3.2-10, which shows the MIMO-STS systems with two transmission
antennae use a pair of spreading sequences per user within one transmission. These
equations infer that the MAI of a MIMO-STS system is determined by the crosscorrelation properties between pairs of spreading sequences, rather than the crosscorrelation properties between single sequences. Thus, the proposed selective criteria
in chapter 2 may not locate the promising spreading sequences, as those criteria only
consider single spreading sequences, rather than pairs of the spreading sequences.
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Motived by the idea of “pairs”, a selection criteria of selecting spreading sequences,
in particular for MIMO-STS systems, is proposed in this chapter.

It firstly defines c! and  c! to be the spreading sequences employed by the targeted
user and c!" , c!" to be the spreading sequences employed by the MAI user. Then,
the pair of sequences for each user is defined as:
x = (c! + c! )/2!
y = (c!" + c!" )/2!

(3.2-11)

where x in Equation 3.2-11 is the user’s spreading pair and y is the MAI users’
spreading pairs. The constant 2! is used to normalise the pair of sequences for
comparison to a single sequence.

Then, by defining R !"#$$!!"##$%&'(") for comparing cross correlation performance:
!

R !"#$$!!"##$%&'(") = !

!
!!!

C!,!   

(3.2-12)

where M is the number of MAI users in the systems and C!,! refers to the discrete
aperiodic correlation function:
!!!
!!!!!

C!,! (τ)

(3.2-13)

And by defining R !"#$%$&&'(!#)$* for comparing auto-correlation performance:
R !"#$%$&&'(!#)$* = C!,!   

(3.2-14)

As introduced in Equation 3.2-11, x in Equation 3.2-14 is the user’s spreading pair: x
= (c! + c! )/  2! and   C!,!    refers to:
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!!!
!!!!!

C!,! (τ)

(3.2-15)

For more than a pair of sequences per user’s case, the expression of Equation 3.2-11
can be defined as:
x = (c! + c! + ⋯ c! )/h!
y = (c!" + c!" + ⋯ c!" )/h!

(3.2-16)

where the constant h! is used to normalize the pair of sequences and h refers to the
number of spreading sequences per user. By normalizing the pairs’ values by h it is
possible to make a comparison of the R !"#$$!!"##$%&'(") for pairs of different numbers
of sequences. For MIMO-STS applications, it requires the values of Equation 3.2-12
and Equation 3.2-14 to be as small as possible.
3.3 SDR test bed
In this section a SDR test bed was developed in order to test the MAI effect of SISO
and MIMO-STS systems, which employed different families of spreading sequences.
Four different families of sequences were first tested over the SDR test bed and their
corresponding BER performances were recorded and used in the following analysis.
The SDR test bed was developed from the GNU Radio and USRP. GNU Radio is a
free software toolkit for building and developing SDR systems, whereas the
hardware part of the SDR test bed consists of a USRP. A photo of USRP1
motherboard used in this study is shown in Figure 3.3-1. USRP is an FPGA based
device and is purchased from Ettus Designs. The SDR test bed adopts a USRP as an
RF frontend, and this allows the experiment to be based on a real radio platform.
Generally, the USRP consists of a motherboard and one or several daughter boards.
The motherboard has a million gate Altera Cylone FPGA that processes the intensive
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data and offers four slots used for daughter boards extension. With the four slots, the
motherboard is able to support two RFX2400 Transceiver daughter boards or two
receive (RX) daughter boards and two transmit (TX) daughter boards. With a fully
synchronous transceiver design of RFX2400, the system allows the synchronised
transmission of multiple daughter boards, which satisfies a MIMO transmission.

Figure 3.3-1: The structure of the USRP1 motherboard [47].
In this study, USRP1 and RFX2400 are adopted as motherboard and daughterboard
respectively. The frequency of a RFX2400 Transceiver daughter board is in a range
of 2.3-2.9 GHz. The antennae used in this study are PATCH2400, which are
vertically polarized antennae with a gain of 7dBi. Figure 3.3-2 provides a top view of
the RFX2400 daughterboard. The daughterboard works under the Industrial,
Scientific and Medical (ISM) band frequencies in the ranges of 2.4-2.48 GHz
[44,45]. During the experiment, USRP1 needs to connect to a PC with GNU Radio
via a USB 2.0 port.
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Figure 3.3-2: The photo of the RFX 2400 daughterboard.

In this research, the transmitter of the SDR test bed consists of a computer with GNU
Radio installed, a USRP1 motherboard, two RFX2400 Transceiver daughter boards
and two PATCH2400 antennae. Figure 3.3-3 shows the antenna used in this research.
The receiver consists of one computer with Gnu Radio installed, a USRP1
motherboard, one RFX2400 Transceiver daughter board and one PATCH2400
antenna. The flowchart of the SDR is shown in Figure 3.3-5. Though not needed for
this study, the antenna is polarised.

Figure 3.3-3: The PATCH2400 antenna used in this SDR test bed [47].
Initially, the test bed was developed in order to test the SISO and MIMO-STS
systems in terms of their MAI effect for different families of spreading sequences.
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The test bed was modified to install both orthogonal spreading sequences in terms of
Walsh-Hadamard, modified Walsh-Hadamard [19], orthogonal Gold [6] (pp. 252)
and the quasi-orthogonal sequences, and 31 bit Gold Codes [4] (pp.252).

The Near-Far effects are tested over this test bed as well. The models of the MIMOSTS transmitters’ antennae are constructed using Equation 3.2-1, where b! and b!
are the intended signals and b! , b! are the MAI users’ data. c! and c! are the MAI
users’ corresponding spreading sequences with randomly setting of the chip delays
between 1-9 chips. The test bed is simulated a fast fading channel.

At the receiver, the sets of zeros are firstly received as pilot signals, which are used
to estimate the channel coefficients. After the two channels’ coefficients have been
estimated, the following data received from both transmitter antenna 1 and 2 are
decoded and then reconstructed and decoded using the equations [47]:
h! h!
−h! h!
𝑏
𝑏= !
                                                                                    
𝑏!
𝑐! 𝑛
𝑣 = !!
𝑐! 𝑛

H=

(3.3-1)

Therefore d = Hb+v , where d denotes the received data.
Specifically:
d! = (𝑏! ℎ! + 𝑏! ℎ! )      
d! = (𝑏! ℎ! − 𝑏! ℎ! )      

(3.3-2)

Then b can be described as:
b!! =
b!! =

(!! !! !!! !! )

      

!" ! ! !" !
(!! !! !!! !! )
!"

!!
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!"

!

      

                

(3.3-3)

Thus b!! and b!! are then found by applying the Maximum Likelihood Decision Rule:
(ℛℛb′})≥ 0 then choose ‘1’ else choose ‘0’.

Figure 3.3-4: The environment of the SDR test bed.

Figure 3.3-5: The flowchart of the MIMO-STS systems SDR.
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3.4 SDR test bed results
In SISO and MIMO systems, BER performance is an important measure as it shows
the quality of the system. In this study, the SDR test bed tested the systems’ BER
performances by employing different sequences.
In this SDR test bed the overall Near-Far effects and asynchronous transmissions in
uplink channels over the SISO and the MIMO-STS system were simulated.
Specifically, the interfering users were allocated energy levels indicative of being
two times nearer to the receiver than the user of interest, and the MAI user was
allowed to randomly suffer a chips delay between 1-9 chips.
In this experiment, one of the most popular orthogonal spreading sequences families,
Walsh-Hadamard, was used. Also, the modified Walsh–Hadamard codes proposed
by Wysocki et al. in [19] and orthogonal Gold codes were tested as well. Apart from
the orthogonal sequences, and the quasi-orthogonal sequences, 31 bits Gold Codes
were tested over the test bed in this study. In [46] it was reported that Gold codes’
cross-correlation properties are the best of all the tested codes. Also, it was shown
that better correlation properties occur for the modified Walsh-Hadamard codes
compared to the Walsh-Hadamard codes in [19].
3.4.1 The MAI effects on SISO systems
Many papers [19, 21] argue that orthogonal codes are perfectly suited in synchronous
cases, whereas Gold codes lead to a better BER performance in asynchronous cases.
However, these codes are not orthogonal. Four families of spreading codes are
compared for the SISO system in this study. Three of them are orthogonal codes,
which are Walsh-Hadamard, modified Walsh-Hadamard codes proposed by Wysocki
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et al. [19] and the orthogonal Gold codes. The last code is the quasi-orthogonal
sequence set, the Gold code.
In this study, the experiment is interested in the asynchronous case. Assuming there
are two users in this case and that one of them is the targeted user in this SISO
system. In addition, the interfering user is assumed as two times nearer to the
receiver than the intended user.
Figure 3.4-1 shows the BER performance when four different families, three
orthogonal codes (length 32) and one near orthogonal, the Gold code (length 31), are
employed in a single transmit antenna and single receiver antenna system. The
spreading sequences of the intended user and the interfering user are randomly
selected. The results, with 95% confidence intervals, are as shown in Table 3.4-1,
Table 3.4-2, Table 3.4-3 and Table 3.4-4. All codes’ results are plotted in Figure 3.41 for comparison.
Comparing the results in Figure 3.4-1, it can be observed that the Gold codes
performed better in an asynchronous SISO system. The reason for this result is that
Gold codes’ cross-correlation properties are the best of all four families. Apart from
this, the 32 length modified Walsh code shows a performance superior to that of the
Walsh code, as the original properties have improved cross-correlation properties.
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Figure 3.4-1: Comparison of performance of modified Walsh codes, orthogonal gold
codes, 31 gold codes versus Walsh-Hadamard codes, in the presence of 1 MAI
interferer at SDR-amplitude from 200 level to 500 level, for randomly chosen chips
delay from 1 to 9 on SISO systems.

Table 3.4-1: Measured values from Walsh code over the SISO SDR test bed.
SDR-Amplitude

Lower 95%

Average mean

Upper 95% value

at the transmitter value

BER

800

0.12423

0.15384

0.18336

500

0.12735

0.15769

0.17223

300

0.14287

0.17690

0.19321

200

0.16523

0.20462

0.22344
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Table 3.4-2: Measured values from modified Walsh code over the SISO SDR test
bed.
SDR-Amplitude

Lower 95%

Average mean

Upper 95% value

at the transmitter

value

BER

800

0.05945

0.07237

0.08526

500

0.05979

0.07954

0.08591

300

0.06667

0.08250

0.09014

200

0.08559

0.10589

0.11569

Table 3.4-3: Measured values from Orthogonal-Gold code over the SISO SDR test
bed.
SDR-Amplitude

Lower 95%

Average mean

Upper 95% value

at the transmitter

value

BER

800

0.13013

0.16110

0.17592

500

0.14005

0.17340

0.18934

300

0.14487

0.17938

0.19591

200

0.15573

0.19280

0.21057

Table 3.4-4: Measured values from 31-Gold code over the SISO SDR test bed.
SDR-Amplitude

Lower 95% value

Average

at the transmitter

mean Upper

BER

value

800

0.01704

0.02100

0.02271

500

0.02452

0.03029

0.03282

300

0.02966

0.03667

0.03976

200

0.03021

0.03740

0.04053
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95%

3.4.2 The MAI effects on MIMO-STS systems

Similar to SISO systems, in the MIMO-STS case, four families of spreading codes
are compared for the MIMO-STS system in this study.
Figure 3.4-2 shows the BER performance when four different families, including
three orthogonal codes (length 32) and a Gold code (length 31), are employed in a
two transmit antennae and single receiver antenna system. The spreading sequences
of the intended user and the interfering user are randomly selected. The results, with
95% confidence intervals, are as shown from Table 3.4-5 to Table 3.4-8. All codes’
results are plotted in Figure 3.4-2 for comparison.
Table 3.4-5: Measured values from Walsh code over the MIMO SDR test bed.
SDR-Amplitude at Lower

95% Average

Upper

the transmitter

value

mean BER

value

800

0.06062

0.075

0.08112

500

0.18693

0.2314

0.25043

300

0.25547

0.3163

0.34225

200

0.40371

0.531

0.54109

95%

Table 3.4-6: Measured values from modified Walsh code over the MIMO SDR test
bed.
SDR-Amplitude at Lower

95% Average

mean Upper

the transmitter

value

BER

value

800

0.11443

0.1417

0.15334

500

0.19682

0.2437

0.26373

300

0.25885

0.3205

0.34682

200

0.42751

0.5294

0.57281
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95%

Table 3.4-7: Measured values from 31-Gold code over the MIMO SDR test bed.
SDR-Amplitude at Lower

95% Average

mean Upper

the transmitter

value

BER

value

800

0.04043

0.05

0.05413

500

0.07182

0.0889

0.09623

300

0.25841

0.3081

0.32622

200

0.40370

0.5

0.52011

95%

Comparing the results in Figure 3.4-2, it can be observed that the Gold codes bring
about the best performance in asynchronous cases of MIMO-STS systems. However,
on this occasion the 32 length modified Walsh code does not show a performance
superior to the Walsh code, but rather, a performance very similar to that of the
Walsh code and orthogonal Gold code sets.
This could be explained by suggesting that poor combinations of pairs of the
modified Walsh code were employed in the SDR test bed. This indicates that, for a
MIMO system, instead of looking for spreading sequences with low crosscorrelation, the measured correlation between pairs of sequences should be adopted
as a more important criterion.
Table 3.4-8: Measured values from orthogonal Gold code over the MIMO SDR test
bed.
SDR-Amplitude at Lower

95% Average

mean Upper

the transmitter

value

BER

value

800

0.0412

0.0510

0.0552

500

0.1835

0.2272

0.2458

300

0.2488

0.3171

0.3333

200

0.4037

0.5240

0.5410
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95%

Figure 3.4-2: Comparison of performance of modified Walsh codes, orthogonal gold
codes, and 31 gold codes versus Walsh Hadamard codes, in the presence of 1 MAI
interferer at amplitude from 200 level to 500 level, for randomly chosen chips delay
from 1 to 9 on MIMO-STS systems.

3.4.3 The MAI effects in terms of spreading sequences pairs on MIMO-STS
systems

In order to investigate the MAI effects on the basis of spreading sequences pairs over
MIMO-STS systems, assuming there were two users transmitting simultaneously and
each of them employed two transmitting antennae. The 32 length Walsh code was
adopted as the spreading sequences family. Initially, eight different sequences out of
32 from a 32*32 Walsh-Hadamard matrix were chosen to build different pairs. Then
two of them were chosen as MAI user’s spreading sequences. This experiment then
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changed the intended user’s spreading sequences with different combinations of
pairs, to test their corresponding BER performances.

On the SDR test bed, the transmit amplitude can be modified in a range from 0 to
30,000 level. In this experiment, the transmit amplitude of the test bed was fixed at
the 500 level, and on each occasion, 128 bit data were transmitted over both
antennae. Thus 256 bits of data were transmitted in one interval over this MIMO
system. After 768 bits were transmitted in three time intervals, the average BERs
were calculated. The results are shown in Table 3.4-9.
Table 3.4-9 shows that, with different properties of spreading sequences pairs, the
corresponding BER performances are different. According to these results, the worst
pair is pair number 6, which resulted in a BER of 0.4343, whereas the best pair is
pair number 1, which resulted in an average BER of 0.0164. The a-periodic autocorrelations of these two pairs are the same, whereas the corresponding a-periodic
cross-correlation for pair 1 is 0.0635, which is the lowest value of the sample of
tested pairs.
Apart from this, it is noted that pair number 13 lead to a better BER result compared
with other high pair a-periodic cross-correlation combinations. The corresponding aperiodic auto-correlation of pair 13 is 0.2857, which is the lowest value of all the
tested pairs.
It is worth noting that some of the pairs lead to very poor BER performances of
around 0.4, which would nearly be considered a non-existent communications link,
approaching the same probability result as tossing a two sided coin (at 0.5).
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Table 3.4-9: Properties of spreading sequences pairs used in MAI on MIMO-STS
systems SDR test beds versus BER, for different spreading sequence pairs with
amplitude at 500 level with 9 chips delay.
Combination BER

Auto-

No.:

correlation correlation

Cross-

sequences
No.
1:1-2

0.0164

0.5079

0.0635

2:1-3

0.0357

0.5079

0.1270

3:1-4

0.0317

0.5079

0.1270

4:2-3

0.0345

0.5079

0.1270

5:2-4

0.0318

0.5079

0.1270

6:2-5

0.4343

0.5079

0.5079

7:2-6

0.4267

0.5079

0.5079

8:3-4

0.0368

0.5079

0.1270

9:3-5

0.3846

0.3889

0.5714

10:3-6

0.3809

0.3810

0.5714

11:4-5

0.3609

0.3810

0.5714

12:4-6

0.4023

0.3889

0.5714

13:5-6

0.2612

0.2857

0.5079

To find out the MAI effects of spreading sequences pairs with different MAI users,
the best pair in the previous experiment, and a randomly chosen pair of spreading
sequences, were then chosen to perform the second experiment, which tests the BER
performance for a different number of MAI users.

The experiment model is similar to the previous scenario, however, the number of
MAI users is now increased from 1 to 2, and the second MAI user adopts the same
pair of spreading sequences of Walsh-Hadamard codes within the experiment. After
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768 bits were transmitted in three time intervals, average BER was computed and
this is shown in Table 3.4-10.

Table 3.4-10: Number of MAI interferers versus BER for different spreading
sequence pairs, with amplitude at 500 level and 9 chips delay.
Combination Number of MAI BER
No.:

interfere users

sequences
No.
1:1-2

1

0.0164

1:1-2

2

0.0465

Randomly

1

0.2412

2

0.7423

chosen pair
Randomly
chosen pair

The results in Table 3.4-10 show that the selective pair brings about a satisfactory
BER performance under both one and two MAI interfering users, whereas the
randomly chosen pair led to a worse BER performance when the number of
interfering users was one. When the number of MAI users was increased to two, the
randomly chosen pair’s BER was very poor.

The differences between the selective pair and randomly chosen pair confirm that for
the MIMO system it need to adopt the criteria in pairs, in order to find better
spreading sequences for MIMO-STS systems.
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3.5 Conclusion
In this chapter, a SDR test bed was developed to evaluate the MAI effects over SISO
and 2×1MIMO systems. It was observed that under asynchronous transmissions, the
Gold code leads to the best performance over both systems, due to the fact that it has
the best correlation properties. It was found that the MAI does have an effect, in
terms of the spreading sequences pairs on MIMO-STS systems. Motivated by this
finding, a criterion for selecting promising spreading sequences for MIMO systems
was proposed in this chapter. The measured SDR test bed results identified that pairs
of spreading sequences which have improved BER, compared to other pairs in the
same set of spreading sequences. In this chapter, the thesis then infers that the choice
of spreading sequence pairs in a MIMO-STS system, in the presence of MAI sources,
is an important factor to be considered.

The next chapter will further explain the selection criteria proposed in this chapter
with a theoretical analysis of MIMO-STS system. In addition, numbers of the
recently proposed spreading sequences and their corresponding SDR test bed results
will be presented and discuss.
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CHAPTER 4: Selection Criterion for Selection
Spreading Sequences Pairs

4.1 Introduction

In chapter 3 the thesis provided an analysis of the effect of pairs of spreading
sequences over MIMO systems, and proposed a selection criteria for the most
promising spreading sequences pairs of a MIMO system. This chapter will further
explain the basis of the proposed selection criteria and evaluate more different
families of spreading code. By employing these selected pairs of spreading
sequences, the MIMO-STS systems are expected to perform better at mitigating the
MAI effect than the randomly selected codes.

To this end, a test bed, modified from the test bed introduced in chapter 3, was
needed in order to investigate the MAI effects on the realistic uplink wireless
channels. A number of the most recently proposed spreading codes were tested in
this study. Specifically, the ZPCS [20] were evaluated by our SDR test bed. In [21],
Huang proposed a mutually orthogonal design scheme based on Walsh codes, and
following this scheme, three sets of spreading code were obtained for the evaluation.
In [22-24], the authors proposed two pair-wise complementary codes, which were
Generalized complementary codes (GPC) and Inter-Group Complementary Codes
(IGC). These two codes were originally diverted from N-shift code [25]. This thesis
also investigated the use of the Walsh-like orthogonal codes [26, 27] in this chapter.
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The rest of this chapter is outlined as follows. Section 4.2 will introduce the MIMOSTS systems and explain the basis of the proposed selection criteria for spreading
sequences pairs. Section 4.3 will present the SDR-based test bed and measurement
results. Section 4.4 provides the conclusion of this chapter.
4.2 STS-MIMO System & Selective Criteria
In order to further explain the basis of the proposed selection criteria in chapter 3,
this section provides a brief review of the proposed selection criteria for a theoretical
analysis of the MAI effects on a MIMO system, which is based on the effects of
spreading sequences pairs.
4.2.1 Description of the MIMO-STS systems & the Selective criteria for
spreading sequences pairs
A new selective criteria for selecting promising sequences of MIMO systems is
proposed in chapter 3. Refer to chapter 3, this criteria is motivated by the difference
between the two systems, SISO and MIMO, which suggested the MIMO-STS
systems with two transmission antennae, using a pair of spreading sequences per user
within one transmission. This difference indicates that the MAI of a MIMO-STS
system is determined by the cross-correlation properties between pairs of spreading
sequences, rather than the cross-correlation properties between single sequences.
Therefore in order to select more promising spreading sequences for MIMO systems,
the

low-correlation

between

pairs

of

sequences

should

be

considered.

R !"#$$!!"#$%&'(") was defined to comparing cross correlation performance. For
MIMO-STS applications, the values of R !"#$$!!"#$%&'(") should be as small as
possible. In the next section, this value will be used within the theoretical analysis.
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4.2.2 Analysis of the MIMO-STS System
The theoretical analysis for MIMO-STS systems was reviewed in section 2.2. The
limitation therein refers to the lack of consideration of the MAI effects during the
transmission, meaning that all the users in the system had synchronized their
transmission. However, this is often not the case in an uplink transmission. Motived
by this, a theoretical analysis for MIMO-STS systems in an asynchronized
transmission is considered in this section.

In the following system analysis, the analysis considers a 2x1 MIMO-STS system,
which constitutes two transmit antennae and one receiver antenna. The analysis
firstly assumes the input data are modulated by a Binary Phase Shift Keying (BPSK)
scheme, and that there is one MAI user presenting in the system during the
transmission. In addition, the signals from each pair of antennae of the same system
arrive at the receiver simultaneously. To complete the system analysis, it first defines
h!! to be the complex channel impulse response between the k !" transmit antenna and
the receive antenna of the i!" user.
According to [1] the received signal is:
d   =   Hb + v                        

(4.2-1)

where H is the channel coefficients.
Specifically:
𝑑!
𝑑!
!
ℎ
ℎ!! ℎ!!
𝐻 =    !!
        
−ℎ! −ℎ!! ℎ!!
𝑏
𝑏= !
𝑏!
𝑣!
𝑣= 𝑣
!
𝑑=

ℎ!!
ℎ!!               
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(4.2-2)

According to [50], the probability of making an error in the signal by the MAI user
can generally be expressed as:
(! !! ! ! !! !

P=Q

(4.2-3)

!!!"

and σ!!" can be shown as :
!
σ!!" = σ!! (R!!
!"#$$!!"##$%&'(") )( ℎ!

!

+ ℎ!! ! )

(4.2-4)

where σ!! is the variance of independent complex Gaussian noise[51,52] and
R !"#$$!!"##$%&'(") is the notation reviewed in section 4.2.1.

Now, if defines  β:
!

β = ! ( ℎ!!
!

!

+ ℎ!! ! )

(4.2-5)

and its probability density function is:
!

!

f(β)=!!   βe

!
!

(4.2-6)

According to [53], the average BER can then be expressed as:
P! =

!
Q(2
!

!"
!!!
!"#$$!!"##$%&'(")

)   f β dβ            

(4.2-7)

where ρ represents the expected SNR of each multipath. Here the analysis simply
assumes the SNR of each path are equal. Based on the system assumptions made at
the beginning, finally the BER is given by:
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!

P! = [! (1 − α)]!  

!!!
!
!!! !

!

[! (1 + α)]!

(4.2-8)

where:
α=

!/(!!!
!"#$$!!"##$%&'(") )

!!!/!!!
!"#$$!!"##$%&'(")

(4.2-9)

Thus, under the assumptions made, the average BER performance of the 2x1 MIMOSTS system is determined by the cross-correlation between pairs, rather than the
single spreading sequences.

Figure 4.2-1 shows the comparison of the theoretical results based on the above
analysis and our SDR test bed results. It can be seen from the comparison that the
two curves are close to each other but not exactly overlapping. This could be
explained by the random process used in choosing chips delay on the SDR test bed
set. Specifically, on the SDR set, the chips delay between users’ spreading codes are
chosen in the range from 1 to 9 whereas in the theoretical analysis the average value
of the aperiodical cross-correlation is adopted, which suggests an average value of
the chips delay in the range of the length of the sequences. In addition, in the real
environment, the noise is much more complicated than the assumption made in our
theoretical analysis. Some interfering signals, for instance beacon signal of WiFi,
does not taken into account in this analysis. Based on the comparison, the thesis
verified the validity of the theoretical analysis of a MIMO-STS system, which
suffered MAI interference. This supports our hypothesis that the effect of spreading
sequences pairs is a vital factor that needs to be considered in the mitigation of MAI
effects, in particular over a 2x1 MIMO-STS system.
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Figure 4.2-1: Comparison of BER versus SNR for theoretical and SDR test bed
results for a 2x1 MIMO-STS System with 1 MAI interferer.

4.3 The modified SDR Test Bed & the Results
In this section, the modified SDR test bed will be first introduced, which was
developed for a MIMO-STS system. Then, by employing the proposed selective
criteria, the cross-correlation properties are provided in pairs of a number of latest
proposed spreading sequence families. For each code, the thesis analyses and
compares their performance based on their SDR test bed results and the
corresponding cross-correlation properties.
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4.3.1 Software Defined Radio test bed
The test bed was modified from the SDR test bed introduced in chapter 3. It is based
on GNU Radio and USRP. Specifically, a computer with GNU Radio installed, a
USRP1 board, two RFX2400 Transceiver daughter boards and two PATCH2400
antennae are needed at the transceiver, whereas one PC with GNU Radio installed, a
USRP1 board, one RFX2400 Transceiver daughter board and one PATCH2400
antenna are needed at the receiver.

Unlike the test bed used in chapter 2, the modified test bed takes the SNR into
account. SNR is defined as the ratio of the desired signal power to noise power,
which indicates the reliability of the transmission of the system, and the BER
performances at different SNR values is an important measure as it shows the quality
of the system.

The GNU Radio provides a set of blocks to develop the SDR systems. Specifically
for spectrum analysis, it offers a block named “usrp_fft.py.”, which can effectively
detect signals and shows the peak or average value of the signal. This block provides
a spectrum analyser in Graphical User Interface (GUI), which allows researchers to
adjust the parameters of the centre frequency and the Low Noise Amplifier (LNA)
gain. Figure 4.3-1 provides a snapshot of the GUI of the spectrum analyser. However
the frequency range of this spectrum analyser is relevantly narrow. This makes it
only available to observe a narrow frequency band.

In order to make the results more accurate, a Vector Network Analyser (VNA) is
adapted to validate the results from “usrp_fft.py.”.
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Generally the spectrum analysers can measure all the signals, including the
environmental noise, within their frequency range, and show the power level of the
sum of the signals and the environmental noise. In [54] (pp.14), the difference
between the spectrum analysers and VNA refer to the different observing objects.
Specifically, the VNA shows the performance of a single RF device or the
combination of devices, where either of them is referred to as a “network”. As
mentioned in [54] (pp. 14), “It measures the performance of the network one
frequency at a time.” [54] (pp.17).

In this chapter, the experiment tests the system’s BER versus SNR performance by
adopting both the VNA and the spectrum analyser block of Gnu-Radio to observe the
SNR values. The VNA is used to verify the validity of the SNR value estimated by
the GNU Radio spectrum analyser. This means the frequency of the VNA will be set
between a proper range around 2.4GHz, which is between 2.3 to 2.5 GHz for this
experiment. Then the VNA shows the distortion that the SDR test bed creates as the
different amplitudes pass through it.

Before each transmission, the VNA can

measure the pure noise of the environment, and after each transmission it can show
the signal of the carrier which has the same power level of the signals. The reason for
choosing the signal power of the carrier to observe in VNA and “usrp_fft.py.”
depends upon the spectrum spreading property of the space time spreading
technique. Table 4.3-1 provides a list of the equipment that was used in this
experiment and Figure 4.2-3 shows a photo of the environment of the SDR test bed.
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In Figure 4.3-2 the VNA and the Monocone antenna are on the right side of the SDR
test bed and the transmitter with the antennae are on the left side. In the SNR
estimation part, the VNA was allocated at the same place as the receiver in the
transmissions. Before the transmission starts, the noise can be observed on the
NVA’s screen, which is recorded as the noise floor, whereas after each transmission,
the signals of the transmitter’s carrier can be observed on the screen, which were
recorded as the sum of the signal and the noise. By adjusting the transmission
amplitude levels on the SDR test bed, the signal and noise show different values on
the spectrum analyser. With those values, the corresponding SNR values at the
receiver can be calculated.

Figure 4.3-1: An example of the Gnu-radio’s spectrum analyser.
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Table 4.3-1: Hardware used in this study with brief descriptions.
Hardware used in this Number

Description

study
PC with Gnu-radio

2

Transmitter and Receiver

USRP1

2

USRP Mother board

RFX2400

3

Transceiver daughter board

PATCH2400

3

Transceiver and receiver antennas

VNA

1

Adopted as a spectrum analyser

Monocone Antenna

1

Employed by VNA

Figure 4.3-2: Environment of the SDR test bed.
Initially, the test bed was developed in order to test the MIMO-STS systems in terms
of their MAI effect for different families of spreading sequences.
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The Near-Far effects were tested over this test bed as well. The model of the MIMOSTS transmitters’ antennae are constructed using Equation 3.2-1, the chips delays
between the target user’s spreading sequences and the MAI user’s spreading
sequences are set in the range of 1-9 chips.

At the receiver, the first 32 received values from the transmitter are zero, which are
designed to be pilot signal and are used to estimate the channel coefficients. After the
two channels’ coefficients have been estimated, the following data received from
both transmitter antennae 1 and 2 are decoded and then reconstructed and decoded
using the Equation 3.3-1, Equation 3.3-2 and Equation 3.3-3.

Two decoded bit are then found by applying the Maximum Likelihood Decision
Rule: (ℛ{b′})≥ 0 then choose ‘1’ else choose ‘0’.
4.3.2 The SDR test bed results
This test bed was designed to simulate the asynchronous transmissions in uplink
channels over the MIMO-STS system. Specifically, the interfering user was allocated
energy levels indicative of being two times nearer to the receiver than the user of
interest. The offset delay between the interfering user and the target user was allowed
to randomly vary, in the range of one to nine chips. In this experiment, the
asynchronous case is interested. The SDR test bed assumed there are two users in the
transmission, one of them being the targeted user in this MIMO system. In the low
SNR transmission scenarios, where the SNR value is below 2 dB, 128 bits of data are
transmitted over both antennae on each occasion. Thus, 256 bits of data were
transmitted in one interval over this MIMO system. After 1,280 bits were transmitted
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in three time intervals, the average BERs were calculated. For the high SNR
transmission scenarios, where the SNR is higher than 2 db, 10,000 bits of data were
transmitted over the MIMO system in each interval. After 30,000 bits were
transmitted, the average BERs were calculated for the comparison of BER vs SNR.

In this experiment, a number of the most recently proposed spreading sequences
families were tested, which were divided into four categories based on their
properties and design methods.
ZCZ code
Refer to the literature reviewed in chapter 2, Zero-Correlation-Zone (ZCZ) codes can
provide a zone where the cross-correlation values are zero and in these zones, the
spreading sequences are taken as ideal. However, the ZCZ sequences set construction
is limited by the correlation property and theoretical boundary. Generally, the sets of
ZCZ sequences are characterized by the period of sequences L, the family size,
namely the number of sequences M, and the length of the zero-correlation zone Z!"
[37-42].

In [20] the authors claimed that the proposed Z-Periodic Complementary Sequence
Sets (ZPCS) are not only ideal within the ZCZ, but lead to a satisfied correlation
property outside the ZCZ. By following this scheme, a set of 32 length ZPCS codes
was obtained and the evaluated cross-correlation properties are shown in Table 4.3-2.

The ZPCS code (32 length) and Walsh (32 length) code were tested over the SDR
test bed when there was one MAI user in the transmission. The results were provided
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with 95% confidence intervals as shown in Table 4.3-3 and Table 4.3-4. Both code’s
results are plotted in Figure 4 for comparison.

Table 4.3-2: The ZPCS code and Walsh code with their respective cross-correlation
properties in pairs.
ZPCS
Cross-correlation

0.2581

Walsh
0.5079

Table 4.3-3: Measured values from Walsh pairs over the SDR test bed.
SNR(dB
)

Lower 95%
value

Average Mean Upper 95% value
BER

-12

0.332

0.335

0.336

-7.95

0.321

0.329

0.332

-3.09

0.155

0.165

0.167

1.6

0.0380

0.0394

0.0410

3

0.02

0.0201

0.0212

5

0.00827

0.0092857

0.00958

6.5

0.00512

0.00614286

0.007132

7.5

0.0042

0.00480000

0.0049

Comparing the performance of the ZPCS with the Walsh code shown in Figure 4, the
ZCZ code shows an improved performance in resisting MAI effects over MIMOSTS systems and the corresponding pairs cross-correlation value, which is shown in
Table 4.3-2, is lower than the Walsh code. This may be explained by the zero zone
properties. The results infer that the ZCZ is still viable over MIMO-STS systems,
however, the limitation of this design is that the ZCZ for any spreading sequences
pairs will never be equal to its code length. According to Equation 4.3-4, it is clear
that if the sequences lengths are fixed, the length of the ZCZ is decreasing in line
with the increasing number of the sets, and the maximum value cannot be equal to
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the sequences’ lengths. In other words, the ZCZ code set cannot bring ideal crosscorrelation properties in pairs for a MIMO system.
Table 4.3-4: Measured values from ZPCS pairs over the SDR test bed.
SNR(dB)

Lower 95%

Average Mean

value

BER

Upper 95%
value

-12

0.262

0.280

0.285

-7.95

0.126

0.138

0.140

-3.09

0.0962

0.0972

0.0982

1.6

0.0152

0.0167

0.0172

3

0.00265

0.00277946

0.0027854

Figure 4.3-3: Comparison of BER versus SNR for Walsh pairs and ZPCS pairs over
a MIMO-STS System, with 1 MAI interferer and randomly chosen chips delay from
1-9 chips.
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Combinatorial designs based on Walsh matrix construction
The Walsh-Hadamard code is one of the classic orthogonal spreading sequence
families, however, the major drawback of this orthogonal code refers to the lack of
consideration of real time application scenarios, varying signs in the data stream, and
multipath propagation. This can be illustrated with the example that making a
synchronous transmission by multiple users in an uplink scenario is difficult. Various
combinatorial designs have recently been proposed in the literature to improve the
cross-correlation properties of Walsh code.

In [21] the author proposed a mutually orthogonal design based on Walsh code. As
mentioned by the authors, the improved properties of the proposed code are due to
the mutually orthogonal sequences design, which means two sequences in a set of
complementary sequences have good cross-correlation properties, when offset from
another pair of sequences. This design also provides an effective way to expand the
size of the sequences due to the mutual orthogonal matrices design as mentioned in
[21], which means any sequences from two mutual orthogonal matrices, can lead to a
improvement in the cross-correlation property compare to the original Walsh or
Golay code.
Table 4.3-5: The tested code and their respective cross-correlation properties in pairs.

Cross-

Mutual

Mutual

Mutual

Orthogonal

Orthogonal

Orthogonal Golay

Walsh

Golay

matrices

0.2698

0.2857

correlation
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0.3730

Walsh

0.5079

The 32 length Mutual Orthogonal Walsh code, 32 length Mutual Orthogonal Golay
code, 32 length Walsh code and code chosen from two Mutual Orthogonal Golay
matrices, were tested over the SDR test bed with one MAI user in the transmission.
The results, with 95% confidence intervals, are as shown in Table 4.3-6, Table 4.3-7
and Table 4.3-8. All four codes’ results are plotted in Figure 4.3-4 for comparison.

Table 4.3-6: Measured values from Mutual Orthogonal Walsh pairs over the SDR
test bed.
SNR(dB)

Lower 95% value Average Mean
BER

Upper 95%
value

-12

0.27232

0.282

0.28432

-7.95

0.08126

0.0833

0.8401

-3.09

0.05162

0.0526

0.05982

1.6

0.0080152

0.00806

0.08172

3

0.0030065

0.00301885

0.00317854

Table 4.3-7: Measured values from Mutual Orthogonal Golay pairs over the SDR test
bed.
SNR(dB)
Lower 95%
Average Mean
Upper 95%
value

BER

value

-12

0.29232

0.300

0.328432

-7.95

0.0916

0.102

0.1201

-3.09

0.0502

0.0511

0.0522

1.6

0.0009515

3

0.0031065

0.0109
0.00335329
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0.0128172
0.00347854

Table 4.3-8: Measured values from Mutual Orthogonal Golay pairs chosen from
orthogonal matrices over the SDR test bed.
SNR(dB)

Lower 95%

Average Mean

Upper 95%

value

BER

value

-12

0.32232

0.323

0.32442

-7.95

0.12816

0.129

0.1250

-3.09

0.07204

0.0737

0.0745

1.6

0.02500

0.0264

0.02812

3

0.0053065

0.00570486

0.005854

Comparing the performance of the mutual designed codes with the original Walsh
code shown in Figure 4.3-4, all the modified codes show improved performances of
BER. The corresponding pairs’ cross-correlation values, shown in Table 4.3-5 are
lower than those for the Walsh code. Based on the SDR test bed results and crosscorrelation properties, it is found that the mutual orthogonal complementary
properties result in a lower pair’s cross-correlation value, which means these
modified codes are effective in mitigating the MAI effect on MIMO-STS systems.
Specifically, it can be seen from Figure 4.3-4 that the code chosen from two Mutual
Orthogonal Golay matrices led to an improved performance in BER, better than that
of the original Walsh code. Also, the corresponding pairs cross-correlation is lower
than that of the original Walsh code. This suggests that the sum of respective crosscorrelation functions between two complementary sets are well designed. This
means, based on this structure, that the modified scheme can bring a larger number
of pairs with improved cross-correlation properties, due to the orthogonal matrices
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properties. Specifically, usually after implementing the scheme, a set of N mutually
orthogonal Walsh matrices are obtained, where the number N is the number of
matrices and equals the order of the first Walsh code matrix [21].

Figure 4.3-4: Comparison of BER versus SNR for Walsh pairs, mutual Golay pairs,
mutual Walsh pairs and mutual orthogonal Golay matrices pairs for a MIMO-STS
System, with 1 MAI interferer and randomly chosen chips delay from 1-9 chips.

Group complementary code
a) Original Generalized Pair-wise Complementary code
Chen et al. in [23] proposed that the original Generalized Pair-wise Complementary
(GPC) code sets consist of two code groups. As mentioned in the paper, for any two
codes within the same group (namely intra-group), the cross-correlation function has
an Interfere–Free–Window (IFW). Whereas, for any two codes from different groups
(namely inter-group), the cross-correlation is zero, which means they form an ideal
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spreading sequences set. Table 4.3-9 shows the cross-correlation properties in pairs
and Figure 6 shows the SDR test bed results.
Table 4.3-9: The GPC code and their evaluated respective cross-correlation
properties in pairs.

Cross-correlation

Intra-group

Inter-group

0.2581

0.01

Figure 4.3-5: Comparison of BER versus SNR for inter-group GPC pairs and intragroup GPC pairs for a MIMO-STS System, with 1 MAI interferer and randomly
chosen chips delay from 1-9 chips.
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Table 4.3-10: Measured values from inter-group GPC pairs over the SDR test bed.
SNR(dB)

Lower
95% value

Average Mean
BER

Upper

95%

value

-12

0.23807

0.240

0.2479

-7.95

0.04912

0.0509

0.513

-3.09

0.0079304

0.00794

0.080245

1.6

0.00149

0.00150

0.0016812

3

0.001

0.0011

0.0014

Table 4.3-11: Measured values from intra-group GPC pairs over the SDR test bed.
SNR(dB)

Lower 95%
value

Average Mean
BER

Upper

95%

value

-12

0.27807

0.280

0.2879

-7.95

0.01249

0.138

0.1458

-3.09

0.0965

0.0972

0.09805

1.6

0.0159

0.0167

0.016912

3

0.00255

0.00277946

0.00284

The 32 length inter-group GPC pairs of spreading code and 32 length intra-group
GPC pairs of code were tested over the SDR test bed with one MAI user in the
transmission. The results, with 95% confidence intervals, are shown in Table 4.3-10
and Table 4.3-11, and a comparison of both codes’ results are plotted in Figure 4.3-5.
From the results it can be seen that the spreading sequences pairs chosen from an
inter-group possess ideal cross-correlation properties, and lead to an ideal BER vs
SNR performance of an asynchronous transmission. In contrast, the spreading
sequences pairs chosen from the intra-group of the GPC code brought about a less
satisfactory performance.
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b) N-Shift Cross-Orthogonal Sequences and Inter-Group-complementary code
GPC code was originally modified from N-Shift Cross-Orthogonal Sequences [25],
where the cross-correlation function for each pair in these N-shift cross-orthogonal
sequences was zero for all N-multiple shifts. And in [24] the authors proposed an
Inter-Group-complementary (IGC) code which was derived from GPC code. This
modified code has a longer inter-group IFW than GPC code which can provide a
robust interference-resist capability. It is also reported by the authors [24] that, based
on the GPC’s design, the larger IFW window is due to the shorter length of the code.

The N-Shift pairs of spreading code and the IGC pairs of spreading code were tested
over the SDR test bed with one MAI user in the transmission. Once again the results,
with 95% confidence intervals, are shown in Table 4.3-13 and Table 4.3-14. The
comparison of both codes’ results is plotted in Figure 7 and their corresponding
cross-correlation in pairs are shown in Table 4.3-12. From the results it can be seen
that the spreading sequences pairs of IGC code possess a more improved crosscorrelation property than the pairs which were chosen from an inter-group of GPC
code. By comparing the cross-correlation properties with N-shift code in Table 4.3-6,
the IGC spreading sequences pairs also show an improvement, due to the IFW
properties.
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Figure 4.3-6: Comparison of BER versus SNR for IGC pairs and N-shift pairs over a
MIMO-STS System, with 1 MAI interferer and randomly chosen chips delay from 19 chips.
Table 4.3-12: The tested IGC and N-shift codes and their respective evaluated crosscorrelation properties in pairs.
N-Shift

Cross-Orthogonal

IGC

Sequences
Cross-

0.2581

0.2097

correlation
The results imply that an IGC code can bring a longer IFW than the original GPC
code. However, in [24], Jing et al. argues that the improved length of the IFW of the
IGC code is only achieved by a corresponding decreasing of the code length In other
words, the longer code leads to degradation of the interference resisting capacity.
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Table 4.3-13: Measured values from N-shift pairs over the SDR test bed.
SNR(dB)

Lower 95%
value

Average Mean
BER

Upper
95% value

-12

0.2807

0.2810

0.2890

-7.95

0.1316

0.1386

0.1420

-3.09

0.09404

0.0982

0.09845

1.6

0.0165

0.0167

0.016812

Table 4.3-14: Measured values from IGC pairs over the SDR test bed.
SNR(dB)

Lower
95% value

Average Mean
BER

Upper 95%
value

-12

0.24807

0.259

0.26890

-7.95

0.1216

0.126

0.130

-3.09

0.019404

0.0207

0.021845

1.6

0.0595

0.00609

0.00616812

Other Orthogonal Codes

In [26], the authors proposed a novel code and suggested that the Binary User codes
are suitable for asynchronous and synchronous direct sequence spread spectrum
CDMA communications in terms of mitigating MAI effects. In [27], the authors
observed that the proposed Walsh-like code closely matches with Gold codes
performance in the asynchronous channel. In addition, the proposed Walsh-like code
comes with flexible code lengths. Using this methodology, two 32 length sets of
spreading sequences were found.
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Table 4.3-15: The tested codes’ families and their respective cross-correlation
properties in pairs.
BINARY

Walsh-like

Walsh-like

USER

Nonlinear Phase

Nonlinear Phase

CODES

Orthogonal

Orthogonal code(b)

Walsh

code(a)
Cross-

0.3333

0.2973

0.4127

0.5079

correlation

Table 4.3-16: Measured values from Binary User Code pairs over the SDR test bed.
SNR(dB)

Lower

95% Average

Mean Upper 95% value

value

BER

-12

0.29807

0.300

0.31879

-7.95

0.0949

0.102

0.1258

-3.09

0.050965

0.0511

0.05805

1.6

0.009159

0.0109

0.011912

3

0.003255

0.00359136

0.003624

Table 4.3-17: Measured values from Walsh-like (a) pairs over the SDR test bed.
SNR(dB)

Lower

95% Average

Mean Upper 95% value

value

BER

-12

0.34207

0.349

0.35079

-7.95

0.23949

0.241

0.251258

-3.09

0.07095

0.0720

0.074805

1.6

0.03159

0.0354

0.035912

3

0.00635

0.00646763

0.006524
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Table 4.3-18: Measured values from Walsh-like (b) pairs over the SDR test bed.
SNR(dB)

Lower

95% Average

Mean Upper 95% value

value

BER

-12

0.3187

0.320

0.32579

-7.95

0.1099

0.119

0.1258

-3.09

0.08295

0.0832

0.0845

1.6

0.0349

0.0354

0.0359

3

0.00435

0.00441484

0.004624

The two sets of the 32 length Walsh-like codes and a set of 32 length Binary User
codes were first evaluated by our proposed selection criterion and the results are
shown in Table 4.3-15. The three codes were tested over the SDR test bed with one
MAI user in the transmission. The results, provided with 95% confidence intervals,
are shown in Table 4.3-16, Table 4.3-17 and Table 4.3-18. All three codes’ results
and Walsh code’s results are plotted in Figure 4.3-7 for a comparison.

Comparing the performance of the Walsh code and the other three codes, all the
newest three proposed codes led to improved cross-correlation properties and better
BER performances over the SDR test bed. However, from the cross-correlation
results in Table 4.3-15 and Figure 4.3-7, it can be seen that the second group of the
Walsh-like pairs led to only a moderate improvement of the cross-correlation
properties in pairs for MIMO-STS systems, compared with Walsh pairs. By
comparing these results with other schemes mentioned in this section, the main
drawbacks of these three modified methods are due to the exhaustive and
complicated searching methods [26, 27].
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Figure 4.3-7: Comparison of BER versus SNR for Walsh pairs, Binary User Code
pairs, Walsh-like and pairs (a) and Walsh-like pairs (b) on a MIMO-STS System
with 1 MAI interferer and randomly chosen chips delay from 1-9 chips.

4.4 Conclusion

In the last chapter, a new selection criterion was proposed in order to locate the more
promising spreading sequences for MIMO systems. In this chapter several of the
newest proposed orthogonal spreading sequences with a 2×1 MIMO SDR test bed
were evaluated. By using the proposed spreading sequences pairs selection criterion,
more promising spreading sequences families which are likely to result in a lower
BER performance were located. In addition, the investigations of some unique
properties of those spreading sequences when used in MIMO-STS systems were
conducted. Specifically, it was found that the zero zone properties of the ZCZ code
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can result in an improved BER performance under asynchronized transmission and
the limitation of this design infers it cannot bring ideal cross-correlation properties in
pairs, which means the cross-correlation value is 0 by using the proposed selection
criterion , for a MIMO system. For the mutual orthogonal Walsh code design, the
significant advantage is the modified scheme can bring a massive spreading
sequences pairs available with improved cross-correlation properties. In addition, it
also found the Group Complementary Code lead to the best BER performance if the
two codes were chosen from different groups. The SDR test bed results inferred that
some of the constructions and designs can be considered in the further combinatorial
designs of spreading sequences for MIMO-STS systems in order to mitigate against
the MAI effects.
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Chapter 5: Conclusion and Related Future Work
This thesis started by considering how to select the most promising spreading
sequences for MIMO systems. A number of relevant experiments were conducted on
the effects of MAI over MIMO systems, and on the effects that pairs of spreading
sequences have on MIMO-STS systems. The results suggested that the pairs of
spreading sequences are a crucial factor in order to select the most promising
spreading code for MIMO systems. This chapter will conclude all the work and
findings which have been outlined in this thesis and give a brief summary of the
possible relevant further research.

In chapter 2, a literature review was presented. By comparing the decoding schemes
of MIMO-STS systems and traditional SISO systems, the limitations of the
previously selective criteria were found, which motivated us to propose a new
selective criteria, in particular for MIMO systems.

In chapter 3, a SDR test bed was introduced to evaluate the MAI effects on SISO and
MIMO systems. Then Gold codes, orthogonal Gold codes, original Walsh codes and
modified Walsh codes were tested for this proposed SDR test bed. From the SDR test
bed results, it was concluded that the pairs effect of spreading sequences is a vital
factor that needs to be considered in order to locate the most promising spreading
code for MIMO systems. It was then proposed a new selective criterion, based on
selecting the most improved cross-correlation properties of pairs, rather than on the
single spreading sequences be adopted. From this point onwards, more promising

82

spreading sequences within a Walsh set were located by employing the proposed
selective criteria.

In chapter 4, the thesis verified the validity of a theoretical analysis of an MIMO
system, which suffered 1 MAI interferer during the transmission, and determined that
the effect of spreading sequences pairs is a vital factor that needs to be considered in
mitigating the MAI effects, in particular over a 2x1 MIMO-STS system. Then,
several of the newest proposed orthogonal spreading sequences were evaluated over
a 2×1 MIMO SDR test bed. By using the proposed spreading sequences pairs
selection criterion, the more promising spreading sequences families which resulted
in lower BER performances were located. In addition, an investigation of some
unique properties of those sequences was conducted as they affect MIMO-STS
systems. The SDR test bed results suggested that some of the constructions and
designs be considered in the further combinational designs of spreading sequences
for MIMO-STS systems in order to mitigate against the MAI effect.

Further work may involve investigating the effects of spreading sequences over more
than two transmission antennae, and selecting the most promising sequences by
adopting a Monte Carlo search based on the proposed selective criteria in this study.
In addition, the combinational design of novel spreading codes, which could be
evaluated by the proposed selective criteria, is another area that could be considered
in the future. The system could be extended to four or eight spreading sequence
groups over MIMO-STS systems.
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